The CDKN2A locus, which contains the tumor suppressor gene p16 INK4a , is associated with an increased risk of age-related inflammatory diseases, such as cardiovascular disease and type 2 diabetes, in which macrophages play a crucial role. Monocytes can polarize towards classically (CAM) or alternatively (AAM) activated macrophages. However, the molecular mechanisms underlying the acquisition of these phenotypes are not well defined.
INTRODUCTION

The tumor suppressor p16
INK4a is encoded by the CDKN2A locus on the human chromosome 9p21 and on the murine chromosome 4. p16 INK4a belongs to the INK4 family of cyclindependent kinase (CDK) inhibitors, also including p15
INK4b
, p18 INK4c , and p19 . p16
INK4a inhibits cell cycle progression by preventing cyclin D-CDK 4/6 complex formation. As a consequence, pRb hyperphosphorylation and its association with E2F, which induces transcription of S phase genes, are inhibited. p16 INK4a inactivation by deletion, point mutation or promoter methylation, occurs frequently in most tumors 6 .
Besides its role in cancer as an inhibitor of cell cycle progression, p16
INK4a plays a crucial role in senescence and aging 7, 8 . Indeed, expression of p16 INK4a increases with age in various tissues from several species 9, -11 . A genome-wide association study has shown association of the CDKN2A locus with an increased risk of the age-related frailty syndrome 12 .
Additionally, increased p16 INK4a expression causes the age-dependent decline in proliferation of self-renewing cellular compartments such as haematopoietic stem cells 13 , which give rise to immune cells.
Although the role of p16 INK4a in mature immune cells has not yet been investigated, a number of studies has shown that the CDKN2A locus is associated with an increased risk for coronary heart disease 14 , atherosclerosis 15 , and type 2 diabetes (T2D) 16 . In these pathologies, immune cells, such as macrophages, play a crucial role. Besides their pleiotropic immune functions, macrophages also play a role in the development and homeostasis of several tissues, such as adipose tissue 17 and liver 18 . Depending upon the cytokine environment, macrophages differentiate into distinct subclasses with specific characteristics. Classically activated macrophages (CAM) differentiate in presence of Th1 cytokines, such as interferon gamma (IFN), or in presence of bacterial products such as lipopolysaccharide (LPS). CAM trigger pro-inflammatory responses required to kill intracellular pathogens 19 . Alternatively activated macrophages (AAM), induced by Th2 cytokines such as interleukin (IL)-4 and IL-13, are associated with Th2-type immune 4 responses as seen in helminth parasite infections [1] . During inflammation, AAM play a key role in protecting the organism against tissue damage [2] . However, little is known about the mechanisms underlying the acquisition of the AAM phenotype.
In the present study, we investigated whether p16 with neomycin 100 mg/L (Cat.N1142, Sigma-Aldrich), polymyxin B sulphate 60000 U/L (Cat.21850029, Invitrogen) 1 week before and 4 weeks after transplantation. Mice were studied 6 weeks post-transplantation to allow repopulation by the donor bone marrow. To ensure that donor bone marrow replaced the resident blood cell population, DNA was extracted from whole blood with an Illustra blood kit (GE Healthcare). PCR was performed with forward 5'-GCA-GTG-TTG-CAG-TTT-GAA-CCC-3' and reverse 5'-TGT-GGC-AAC-TGA-TTC-AGT-TTG-3' primer sets yielding products of different lengths, which were separated on a 1.5% agarose gel and quantified with the Gel Doc XR system (Bio-Rad). Over 95% of host blood cells were from donor origin.
Primary cell isolation and culture. LPS-elicited neutrophils from air pouches were isolated as described 21 . Splenic CD4 + T-cells and CD43 -B-cells were isolated from female mice respectively using Dynal (Invitrogen), biotin-conjugated anti-CD43 (Becton Dickinson) and streptavidin conjugated to magnetic beads (Miltenyi Biotech) according to manufacturer's instructions. Bone marrow-derived dendritic cells were prepared as described 22 . BMDM were obtained from femoral and tibial bone marrow suspensions, plated at 10x10 6 Immunoprecipitation (IP) assay. 500 µg of BMDM lysates were prepared using lysis buffer supplemented with trichostatin A 1 µM (Cat.T8552, Sigma-Aldrich). Lysates were mixed with 100 µL of Protein G/Protein A Agarose (Millipore) and rotated for 1h at 4°C. After centrifugation for 2 min at 3000 rpm, anti-acetyl-Lysine antibody 1:100 (ab21623, Abcam) was added. Samples were rotated overnight at 4°C. The Protein G/Protein A Agarose mix (100 µL) was added to the samples and incubated for 1h at 4°C. The beads were washed 3x
and the pellets dissolved in 40 µL of Laemmli 2X buffer. Proteins were analyzed by western blotting as previously described.
S. mansoni infection. Chimeric mice were anesthetized and percutaneously infected with 40 S. mansoni cercariae and sacrificed 9 weeks later. The liver was perfused and adult worms were recovered and quantified. A piece of liver was weighed and dissolved in a KOH solution (5%, 37°C during 16h) and eggs were counted. Organs were snap frozen or fixed in paraformaldehyde for further analysis. Resin-embedded livers were cut at 5 µm and Mallory's
Trichrome staining was performed to determine granuloma size and hepatic collagen.
Immunostaining was performed using antibodies directed to Moma-2 (sc59332, Santa Cruz), Arginase1 (Arg-I) (ab60176-100), Fizz1 (ab39626-50) and Ym1 (ab93034) from Abcam. May
Grunwald Giemsa staining was performed and eosinophils were counted per granuloma area. Granulomas were isolated using an Arcturus Laser capture microdissection system from 14 µm sections of snap frozen liver samples. For ex vivo restimulation, spleens were homogenized, filtered (70 µm) and erythrocytes were lysed. Cells were cultured in RPMI 1640 (Gibco) supplemented with 10% low endotoxin fetal bovine serum and 1 mM gentamycin. 5x10 5 cells were stimulated with 10 µg/ml soluble egg antigen (SEA) or anti-9 CD3 (#555274; BD Pharmingen) antibodies during 4 days after which medium was collected for cytokine determination by ELISA.
Statistical analysis.
Groups were compared using 2-tailed non-paired t-tests using GraphPad Prism ® software. In vitro data are expressed as means ± SD and in vivo data are expressed as means ± SEM.
RESULTS
p16
INK4a expression increases during macrophage maturation, but p16
INK4a
-deficiency does not modulate macrophage cell cycle progression.
In order to assess whether and in which mature immune cell types p16 INK4a is expressed, Figure S1 ). Together, these data show that increased expression occurs in a higher number of macrophages which also express higher p16 INK4a levels. In line, p16
Macrophage p16
-deficiency leads to a phenotype resembling IL-4-induced macrophage polarization.
Microarray analysis of p16 -/-BMDM revealed that the expression of a large number of inflammatory genes was significantly lower compared to wild type (p16 +/+ ) BMDM under basal conditions (Figure 2A) . Several of these genes are typically associated with a CAM phenotype [23] [24] [25] [26] [27] . By contrast, a number of AAM-associated genes, linked to IL-4-induced STAT6 activation [23] [24] [25] [26] [27] , were significantly higher expressed in p16 -/-BMDM ( Figure 2B ).
However, the AAM markers Ym1/2 and Fizz1 were not spontaneously induced by p16
INK4a -deficiency. The differential expression of a number of these genes was confirmed by QPCR (Table S2) .
To further characterize this IL-4-like phenotype of p16 -/-BMDM, the gene signature of these Figure 2D and Table S3 ).
Since p16 -/-BMDM displayed lower expression levels of inflammatory genes (Figure 2A, D) , the secretion of inflammatory cytokines produced in p16 -/-BMDM compared to p16 +/+ BMDM was measured. Under basal conditions, secretion of the pro-inflammatory cytokines IL-6 and TNF was lower ( Figure 3A , B) in p16 -/-BMDM. By contrast, secretion of anti-inflammatory IL1Rn was, albeit modestly, higher ( Figure 3C ). These observations are in line with the microarray data and suggest that p16 -/-BMDM are functionally different from their wild type counterparts.
Next, we compared the response of p16 -/-vs. p16 +/+ BMDM to polarization into AAM induced by IL-4 added at the start (day 0) of differentiation. Induction of the AAM marker genes Arg-I ( Figure 3D ) and Ym1/2 ( Figure 3E ) was higher in p16 -/-AAM. However, induction of Mgl2 ( Figure 3F ) was not different in these cells, suggesting that the IL-4-responsiveness of certain, but not all, genes is dependent on p16
. This heterogeneity in regulation of AAM marker genes in IL-4-polarized p16 -/-AAM confirms the microarray results ( Figure 2D ). AAM are known to be less sensitive to inflammatory stimuli 19 . Therefore, the effects of IFN and LPS, two pro-inflammatory stimuli, were tested on these cells. Interestingly, p16 -/-BMDM were less responsive to IFN, shown by the lower induction of the IFN target genes iNOS, Cxcl10 and MHCII ( Figure 4D-F) , as well as to LPS, shown by the decreased response of the LPS-regulated genes TNF, IL-6 and MCP-1 ( Figure 4G-I) . Expression levels of the cognate receptors for IL-4, IFN and LPS was similar in both genotypes ( Figure S4A-C) , suggesting that the altered responses were not due to differences in receptor expression.
Collectively, these data show that p16 -/-BMDM are more responsive to alternative activation by IL-4 and less responsive to the classical macrophage activators IFN and LPS.
Haematopoietic p16
INK4a
-deficiency increases hepatic expression of alternatively activated macrophage markers upon S. mansoni infection.
Since helminth parasite infections induce a strong Th2 immune response resulting in AAM differentiation 20, 30 , the influence of p16 and Mgl2 ( Figure 5F ) was higher in mice transplanted with p16 -/-vs. p16 +/+ bone marrow.
Moreover, expression of the tissue remodeling markers SMA and Timp1 (Fig. S5E, F .
Immunohistochemical analysis showed that the parasite-induced granulomas are highly macrophage-enriched ( Figure S8 ). Moreover, Arg-I, Fizz1 and Ym1 co-localized with the general macrophage marker Moma-2. Surprisingly, the macrophage population within the granulomas appeared heterogeneous, since these markers did not entirely co-localize ( Figure S8 ). Nevertheless, these data suggest that the increase in hepatic AAM marker expression occurs mainly in macrophages. To unequivocally demonstrate this, the macrophage-positive areas of the granulomas were isolated by laser-capture microdissection from p16 -/-and p16 +/+ bone marrow transplanted mice and mRNA levels were measured. p16 -/-granulomas displayed increased Mgl2 and Fizz1 mRNA levels, whereas Ym1/2 mRNA tended to be increased ( Figure 5G-I) . F4/80, CD68 and CD14 expression were identical, indicating that macrophage numbers did not differ between genotypes (data not shown).
Since macrophage polarization influences T-cell activation 20, 32 , (Table S4 and Figure 2D ). Collectively, these data show that the pathways controlling IFN, NF-B, and IL-4 signaling are affected by p16 INK4a -deficiency in macrophages.
To determine whether the observed differences were related to indirect effects through pRb, BMDM were treated with CINK4, a potent inhibitor of pRb hyperphosphorylation Several genes coding for proteins with acetyl transferase activity were induced in p16 -/-BMDM ( Table 2) . Acetylation of STAT1 and IKK, inhibits their phosphorylation and thereby their transcriptional activity 35, 36 . Immunoprecipitation of acetylated proteins revealed that STAT1 and IKK, were acetylated to a higher extent in p16 -/-than in p16 +/+ BMDM ( Figure   7D ). To identify whether STAT1 acetylation is the cause or the consequence of decreased STAT1 phosphorylation, JAK2 phosphorylation, which is upstream in this pathway, was assessed. JAK2 phosphorylation was less pronounced under basal conditions and after activation with IFN in p16 -/-BMDM ( Figure 7E ). Since acetylation of STAT1 can interfere with NF-B signaling 36 and both pathways act synergistically 37 , the decreased STAT1 and NF-B signaling and their increased acetylation probably results from decreased JAK2 phosphorylation. , was also reported to modulate inflammation without altering cell cycle or differentiation. However, in contrast with p16
DISCUSSION
INK4a
-deficiency, p21 WAF1/CIP1 -deficiency in macrophages resulted in a higher sensitivity to inflammatory stimuli 43, 44 . Additionally, p21 WAF1/CIP1 expression was unchanged in p16 In conclusion, our results identify p16 INK4a as a novel modulator of macrophage polarization and show that p16
-deficiency skews macrophages towards an IL-4-like phenotype. Since the CDKN2A locus is predictive for the risk of T2D and CVD 14, 15 , in which macrophage polarization plays a role 28, 50 , the role of p16 INK4a in the control of macrophage function could be one mechanism contributing to the association of this locus with these diseases. Additional information regarding gene description, fold induction, and p-value can be found in Table S3 . 
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